Malignant cells upregulate distinct energy metabolism programs that support their proliferation, migration, and adaptation to the stressful tumor microenvironment (TME). Additionally, this exaggerated metabolic activity allows cancer cells to hijack essential nutrients and outcompete neighboring infiltrating immune cells, thereby impairing antitumor immunity. During recent years, there has been great interest in the field to understand the tumor-induced energy metabolism signals that regulate the function of immune cells in individuals with cancer. Accordingly, it is now well accepted that uncovering the mechanisms that instruct the metabolic behavior of cancer cells and tumor-associated immune cells is an indispensable strategy for the development of new approaches to overcome immune suppression in tumors. Thus, in this minireview, we briefly discuss the interaction between particular metabolic signaling pathways and immunosuppressive activity in different subsets of myeloid cells within the TME. Additionally, we illustrate potential central mechanisms controlling the metabolic reprogramming of myeloid cells in response to tumor-derived factors. 
INTRODUCTION
The transformation of normal cells into malignant populations is accompanied by a significant reorganization of master energy metabolic pathways that sustain pathological proliferation. This phenomenon has been termed "metabolic reprogramming," and it is one of the hallmarks of the process of cancer progression. [1] [2] [3] Tumor cells fuel their exaggerated appetite for nutrients by exhibiting particular metabolic signatures, including increased aerobic glycolysis (Warburg effect) . Indeed, the elevated glucose dependency of cancer cells plays a fundamental role in tumor growth and metastasis, and has been recently proposed as a central pathway in the evasion of immune responses. [4] [5] [6] Additionally, the activation of aerobic glycolysis and other key metabolic programs in cancer cells triggers the accumulation of metabolic by-products that increase the regulatory effects of the stressful tumor microenvironment (TME) on infiltrating immune cells. 5, 7 The notion that tumor cells scavenge nutrients to create an immunosuppressive milieu is well accepted in the field, but the mechanisms by which this process occurs remain poorly understood. Most solid tumors are heavily infiltrated by different populations of immune cells, with myeloid subsets being the most frequent group. Myeloid cells, in the form of myeloid-derived suppressor cells (MDSCs), macrophages, and dendritic cells (DCs), accumulate in the tumors of most individuals with cancer, play a primary role in the inhibition of protective antitumor T-cell immunity, and represent a major obstacle in the development of effective cancer immunotherapies. 8, 9 Notably, the accumulation of myeloid cells in tumors correlates with worse prognosis in patients with different forms of cancer and makes tumors "cold" and highly resistant to checkpoint inhibitors. 10, 11 Upon infiltration into tumors, myeloid cells remodel their metabolic landscape and energy expenditure to cope with an aggressive environment characterized by an unbalanced supply of oxygen and nutrients. 12 Seminal reports demonstrated the direct correlation between the intrinsic metabolic signatures of myeloid cells and the function, differentiation, and survival of these cells. [13] [14] [15] In addition, tumorinduced modulation of metabolism in myeloid cells plays a key role in the growth of tumors and the inhibition of protective immunity. In this minireview, we briefly discuss the energyproducing metabolic pathways adopted by tumor-infiltrating myeloid cells, focusing on the metabolism of glucose, lipids, and amino acids. In addition, we debate the role of these metabolic processes in the immunosuppressive phenotypes of myeloid cells.
THE "WARBURG" BATTLE BETWEEN TUMOR AND MYELOID CELLS After malignant transformation, tumor cells acquire an increased ability to consume glucose through aerobic glycolysis, which is a process whereby glucose is metabolized into lactate and the characteristic acidification of the TME occurs. This phenomenon is known as the Warburg effect. 16 A recent report illustrated that the increased glycolysis in tumors can be explained by oscillations in the energetics and redox status of cancer cells compared to normal cells during the cell cycle. 17 The main purposes of this metabolic polarization are to generate energy, especially under hypoxic conditions, and to provide carbon sources for synthesizing biomolecules that feed the robust tumor growth and expansion. 18, 19 Moreover, seminal studies showed that the pathological aerobic glycolysis in cancer cells and the subsequent accumulation of lactate in the tumor milieu blocked protective Tcell immunity in tumors and enhanced the immunoregulatory activity of tumor-associated myeloid cells. 4, 5 Upon infiltration into the TME, myeloid cells enter an environment in which cancer cells hijack the majority of glucose through heightened uptake. 4, 20, 21 This disadvantageous glucose competition can ultimately influence signal transduction and gene expression in myeloid cells, leading to their metabolic reprogramming and the promotion of immunosuppressive and protumorigenic properties. 21 Tumor-associated macrophages (TAMs) represent a major component of the myeloid infiltrate in solid tumors and play a vital role in cancer progression and metastasis. 9, 22 Macrophages can be polarized in vitro toward M1 or M2 phenotypes, 23 which are also characterized by opposite methods of glucose utilization. M1 macrophages primarily metabolize glucose through glycolysis 24, 25 and display a proinflammatory signature mediated by the production of cytokines such as interleukin (IL)-1β and tumor necrosis factor-α. 23, 26 During polarization toward M1, macrophages upregulate an array of genes induced by hypoxiainducible factor alpha (HIF-1α), such as GLUT1, PFKFB3, and PGK1, which mediate the uptake and catabolism of glucose. 27 In agreement with this finding, a recent study revealed that succinate originating from the Krebs cycle induces the expression of IL-1β through the activity of the transcription factor HIF-1α. 24 Moreover, M1 macrophages are characterized by the increased production of nitric oxide (NO), a factor that promotes glycolysis and inhibits oxidative phosphorylation (OXPHOS) by blocking the activity of complexes I, II, and IV of the electron transport chain. 28 These results suggest the existence of multiple mechanisms regulating the glycolytic potential of M1 macrophages. On the other hand, M2 macrophages are induced upon activation by cytokines associated with chronic inflammation, such as IL-4, IL-10, IL-13, and transforming growth factor-β, and show low glucose uptake and glycolytic activity. Instead, M2-polarized cells preferentially produce energy through increased lipid catabolism and OXPHOS.
14 Upregulation of OXPHOS and lipid metabolism in M2 cells occurs through metabolic reprogramming mediated by the transcription factor peroxisome proliferator-activated receptor gamma (PPAR-γ) along with the master regulators of mitochondrial biogenesis, PPAR-γ-coactivator 1 (PGC1) α and β. 29 Due to the dynamic and heterogeneous nature of the TME, it can be predicted that TAMs acquire the M1 phenotype in the early stages of tumor development, followed by a shift to the M2 phenotype after the tumor is established. However, such a hypothesis remains to be confirmed in preclinical models and tumors from patients. Another pivotal consideration is that a clear distinction between macrophage phenotypes may not exist in vivo, either in cancer or in other chronic inflammatory diseases. 30 In support of this argument, a recent report showed that glucose metabolism also contributes to M2 activation by sustaining fatty acid synthesis and OXPHOS in a manner dependent on the activation of the mammalian target of rapamycin complex 2 (mTORC2). Accordingly, the absence of mTORC2 signaling in macrophages delays tumor growth but diminishes immunity against parasitic nematodes.
31 Therefore, the TME may instead be infiltrated with a wide spectrum of TAM subsets, 32 including both monocyte-derived and embryonically derived macrophages. 33, 34 The metabolic activity of tumor-associated DCs remains poorly characterized. Seminal studies show that under physiological conditions, DCs undergo increased glycolysis as they mature into professional antigen-presenting cells. This process appears to be related to the induction of anabolic pathways that support the expansion of the endoplasmic reticulum (ER) and the Golgi apparatus. 35, 36 Although hypoxia enhances the maturation of DCs through a shift toward glycolysis, 37 the majority of tumorinfiltrating DCs are paradoxically immature and show immunoregulatory phenotypes. 38 This incongruity can be explained by the fact that some tumor-secreted metabolites, such as adenosine and lactate, negatively impact the immunogenic activity of DCs. 39, 40 In addition, glucose deprivation in the TME could force DCs to transition to OXPHOS, thereby promoting immunosuppression. Consistent with this postulation, an increased accumulation of lipids and elevated levels of lipid oxidation products have been reported to be major regulators of the immunosuppressive activity of tumor-associated DCs. 41, 42 Thus, similar to TAMs, tumorassociated DCs undergo metabolic reprogramming toward lipid oxidation, a switch that serves as a key driver of their tolerogenic potential.
Neutrophils mainly depend on glycolysis and the pentose phosphate pathway (PPP) for their maturation, function, and chemotaxis. 43 The microbicidal activity of neutrophils relies on NADPH generated from the PPP as a precursor for NADPH oxidase 2. In addition, the assembly of neutrophil extracellular traps (NETs) requires the glycolytic pathway. 44 Recent studies show that two populations of tumor-associated neutrophils accumulate in individuals with cancer: anti-tumorigenic PMNs and protumorigenic PMNs, which exhibit elevated immunosuppressive activity. 45, 46 Further results show that immunoregulatory PMNs (PMN-MDSCs) undergo active ER stress and express the endoplasmic stressrelated marker lectin-type oxidized low-density lipoprotein receptor-1 (LOX-1). 47 However, the metabolic checkpoints at which PMNs acquire pro-or antitumor potential remain largely unknown.
The accumulation of MDSCs in tumor-bearing hosts is an important mechanism underlying the suppression of protective Tcell responses and is a major obstacle to cancer immunotherapy. The inhibitory activity of MDSCs has been attributed to several pathways, including the release of reactive oxygen species (ROS) and peroxynitrite, the depletion of various amino acids, and the induction of regulatory T cells (Tregs). Despite the evident role of MDSCs in tumor-induced anergy, the therapeutic inhibition of pathways that regulate MDSCs has thus far resulted in a limited restoration of protective T-cell immunity and weak antitumor effects. Reports that unravel the effect of glycolysis in the expansion and suppressive capacity of MDSCs are few and are often contradictory. A dynamic metabolic flux analysis revealed that a high glycolytic flux is needed for the maturation of MDSCs from bone marrow precursors and suggested an indirect mechanism by which the consumption of carbon sources by MDSCs results in the suppression of effector T cells. 48 Previous results showed that glycolysis promotes MDSC survival in tumorbearing animals by preventing ROS-mediated apoptosis via the antioxidant activity of the glycolytic intermediate phosphoenolpyruvate. 49 Conversely, SIRT1 reprogrammed MDSCs into inflammatory M1 macrophages by shifting them to HIF-1α-dependent glycolysis. 50 In this context, activation of the glucocorticoid receptor regulated the tolerogenic function of MDSCs by blocking HIF-1α and glycolysis. 51 Furthermore, the Warburg effect in cancer cells has been described to modulate MDSC accumulation and function. The activity of the enzyme lactate dehydrogenase A in pancreatic tumor cells increased the infiltration and suppression of MDSCs in mice challenged with tumors. Accordingly, a ketogenic diet resulted in lower levels of lactate production by tumor cells and slower tumor growth, which was associated with a decrease in MDSC numbers. 7 
UNBALANCED LIPID METABOLISM INDUCES IMPAIRED AND TOLEROGENIC MYELOID CELLS IN TUMORS
In addition to metabolizing glucose, tumor cells obtain additional energy sources by using lipolysis to burn lipids acquired from the surrounding adipocytes and adipocyte-like fibroblasts. 52 In addition, aggressive and invasive cancers undergo de novo fatty acid synthesis, which leads to the release of high amounts of fatty acids into the TME. 53, 54 These findings suggest that the TME is enriched in lipids and lipid derivatives, including lipoproteins and oxidized forms of lipids. Tumor-infiltrating myeloid cells tend to scavenge lipid species as an alternative fuel for energy metabolic pathways. In agreement with this observation, DCs within the tumor milieu can take up and accumulate lipids through upregulation of the transporter MSR1. 41 Notably, DCs with high lipid content are unable to present antigens and acquire a suppressive phenotype. 41, 55 Moreover, nutrient limitation in the TME can promote the incompetence of DCs by triggering ER stress. A study conducted by Cubillos-Ruiz et al. 56 revealed the role of XBP1 activation by lipid peroxides in blocking the capability of DCs to promote antitumor T-cell responses.
The Th2 cytokine IL-4 polarizes macrophages into a M2 phenotype through a mechanism involving the STAT6-PGC1β axis, which in turn reprograms metabolism toward fatty acid oxidation (FAO). 29 Tumor-associated MDSCs, which share some similarities with M2 macrophages, were shown to utilize FAO to fuel their energy needs. 57 MDSCs in the TME increased fatty acid uptake, upregulated key enzymes required for FAO, and consumed more oxygen. Pharmacological approaches that interfered with FAO inhibited the suppressive activity of MDSCs and delayed tumor growth. In addition, blocking FAO enhanced the therapeutic outcomes of chemotherapy and adoptive cellular therapy (ACT). Furthermore, LOX-1 has been used as a biomarker to differentiate between suppressive, low-density PMN-MDSCs, and high-density neutrophils in non-small-cell lung carcinoma patients. 47 Interestingly, a whole-genome analysis showed that PMN-MDSCs displayed an elevated ER stress signature compared to neutrophils from healthy individuals. This observation was further endorsed when healthy neutrophils were converted into immunosuppressive cells in response to the induction of ER stress. Despite the importance of these results, the mechanisms by which ER stress contributes to the overall metabolism and function of PMN-MDSCs in tumors remain obscure. 58 The central mechanisms that govern FAO and lipid metabolism in tumor-associated MDSCs are still unclear. Recent research by Al-Khami et al. 59 suggested the role of the tumor-derived factors granulocyte colony-stimulating factor and granulocyte-macrophage colony-stimulating factor and subsequent signaling through STAT3 and STAT5 in the lipid uptake and FAO metabolic reprogramming that occurs in tumor-related MDSCs (Fig. 1) . Another potential mediator of this effect is the AMP-activated protein kinase (AMPK). 60 The decreased availability of glucose and other nutrients in tumors can reduce the intracellular levels of ATP, thereby leading to the activation of AMPK. To cope with starvation-related stress, AMPK (in the form of α1-α2/β1γ1 heterotrimers) promotes cellular catabolic pathways such as FAO and mitochondrial biogenesis. 61, 62 AMPK signaling drives mitochondrial biogenesis and induces the expression of an array of metabolic genes associated with FAO, such as carnitine palmitoyltransferase 1 (CPT1), CD36, 3-hydroxyacyl-CoA dehydrogenase (HADHA), and acyl-CoA dehydrogenase (ACADM), through direct activation of the PGC1β/PPARγ axis. In addition, AMPK phosphorylates and deactivates acetyl-CoA carboxylase (ACC1), 63 an allosteric inhibitor of CPT1, the key limiting enzyme of FAO. Moreover, AMPK phosphorylates ULK1 and MFF, an action that supports mitochondrial quality by initiating mitochondrial fission and enhancing the recycling of damaged mitochondria. 64, 65 Notably, knockdown of AMPK promoted the accumulation of mitochondrial ROS, thereby stabilizing HIF-1α and pushing cells into aerobic glycolysis. 66 Thus, AMPK could play a major role in the metabolic polarization of myeloid cells. 67 However, most of the metabolic studies investigating the function of AMPK have been completed in tumor cell lines cultured in vitro. Thus, although the role of AMPK has been well established in cancer cells, 62 the endogenous effect of AMPK on the modulation of tumorassociated myeloid cells remains unclear. Initial reports showed that pharmacological activation of AMPK blocked MDSC function in tumors, 68, 69 while another study showed that AMPK signaling (4). Whether these signaling events occur simultaneously or are partitioned and occur in a particular order remains to be determined
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promoted MDSC activity in doxorubicin-resistant tumors. 70 In models of autoimmune and metabolic disease, AMPK activity in macrophages triggered an anti-inflammatory phenotype by supporting FAO and a shift away from aerobic glycolysis.
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PROSTAGLANDIN PRODUCTION REGULATES THE ACTIVITY OF MYELOID CELLS IN TUMORS
Arachidonic acid metabolism and the formation of prostaglandins (PGs) impact the function of tumor-infiltrating myeloid cells. Additionally, in melanoma cells, the production of PGE 2 mediated by COX-2 activity shifted the myeloid compartment toward the support of tumor growth and immune escape. 74 Furthermore, cancer cell-derived PGE 2 induced the expression of the immunosuppressive factor arginase I in tumor-infiltrating MDSCs. 75 Accordingly, the genetic deletion of COX in tumors allows myeloid cells to mature into immunogenic phenotypes characterized by type I interferon responses that prime T cells to eradicate tumors. Additionally, several groups explored the intrinsic role of PGs and COX enzymes in regulating the accumulation and immunoregulatory activity of MDSCs. 70, [76] [77] [78] These studies show the key role of intrinsic prostanoid production in the immunosuppressive activity of tumor-associated myeloid cells. However, the mechanistic connection between prostanoids and the polarization of energy metabolic processes in myeloid cells remains unknown.
AMINO-ACID STARVATION: A HALLMARK OF TUMOR-ASSOCIATED MYELOID CELL-INDUCED SUPPRESSION
Human tumor cells, stromal fibroblasts, and infiltrating myeloid cells can degrade amino acids in their local environment. [79] [80] [81] Arginine metabolism has emerged as a critical regulator of innate and adaptive immune responses. The key arginine-catabolizing enzymes linked to immune responses are the isoforms of arginase (arginase 1 and 2) and NO synthase (NOS 1-3). It is becoming increasingly clear that myeloid cells modulate immunity through the regulation of arginine. Polarized macrophages show different modalities of metabolizing the nonessential amino acid arginine. 82, 83 M1 macrophages break down arginine into NO and citrulline through the expression of NOS2. 84, 85 Controlled levels of NO can have antitumor effects by inducing direct cytotoxicity. 86, 87 Thus, the exclusive induction of NOS2 in tumor-infiltrating myeloid cells is associated with antitumor responses. 88 On the other hand, M2 macrophages and TAMs utilize arginase I to convert arginine into ornithine and polyamines that promote tumor growth by enhancing cell differentiation, proliferation, and tissue remodeling. 89, 90 Although the processes seem contradictory, both mechanisms of arginine degradation can be active in the TME. Indeed, MDSCs block antitumor immunity by adopting both mechanisms of L-arginine metabolism. 91, 92 By upregulating arginase I, MDSCs block T-cell proliferation by limiting access to extracellular arginine. 93 Furthermore, under limiting amounts of arginine, iNOS activity in MDSCs generates reactive nitrogen species that induce oxidative stress in T cells and block T-cell proliferation and interferon-γ production. The clinical importance of arginine availability has been suggested by reports that show a correlation between lower levels of arginine and poor T-cell function in patients with advanced tumors. 94 In addition, injection of mice with arginine increased antitumor T-cell activity and improved the effect of ACT, 95 indicating the primary role of arginine in T-cell function.
The immunomodulatory enzyme indoleamine 2,3-dioxygenase (IDO) is expressed by cancer cells and various subsets of myeloid cells infiltrating the TME. 81 The activity of IDO has been associated with poor clinical outcomes. [96] [97] [98] IDO catabolizes tryptophan (Trp), an essential amino acid, generating catabolites known collectively as kynurenines (Kyns). The enzymatic activity of IDO suppresses Tcell responses and supports Treg formation 99 through either the depletion of Trp or the production of Kyns. Mechanistically, the general control nonderepressible 2 (GCN2) kinase in T cells was shown to be involved in mediating T-cell anergy resulting from Trp consumption. 100 Additional studies showed the role of the mammalian target of rapamycin 2 as an IDO target mediator. 101 Moreover, Kyns generated through Trp catabolism arrest T-cell proliferation, induce T-cell apoptosis, and expand Treg cohorts by binding to the aryl hydrocarbon receptor. [102] [103] [104] Tolerogenic DCs in tumor-draining lymph nodes were noted for their ability to upregulate IDO and promote tumor growth. 105 In a later study, IDO-competent DCs were shown to activate Tregs through a GCN2-dependent mechanism. 106 Tumor cells expressing IDO attract MDSCs to their local environment, a process that is orchestrated by the presence of Tregs. 107 Moreover, MDSCs upregulate IDO in various tumor models and hematological malignancies, and IDO governs the ability of MDSCs to block Th1 polarization and promote Treg development. [108] [109] [110] [111] Tumor-associated factors such as IL-6 and PGs were found to be required for the upregulation of IDO in MDSCs. 110, 112 An interesting study illustrated the role played by IDO in the regulation of IL-6 production, which directly correlated with MDSC infiltration and tumor aggressiveness and metastasis in an oncogenic KRAS-induced lung carcinoma model. 113 The downstream mechanisms by which IDO mediates IL-6 expression remain to be determined. However, one study shows that GCN2 enhances the expression of IL-6 upon stimulation with the TLR4 ligand lipopolysachharide in macrophages experiencing aminoacid deprivation. 114 Although glutamine is not an essential amino acid, glutamine addiction has been recognized in tumors. 115 Tumors take up glutamine and rapidly convert it to glutamate through the activity of the glutaminase enzyme. 116 Glutamine is utilized not only as a source of nitrogen for the production of nucleotides but also for the maintenance of mitochondrial biogenesis and integrity. Moreover, glutamine is required for the assembly of glutathione (GSH), which is involved in redox homeostasis, thereby suggesting a key role for glutamine in the adaptation of cells undergoing oxidative stress in the TME. 117 Cancer patients show high plasma levels of glutamate. 118 The targeting of glutamine catabolism was found to be effective in inhibiting the development of acute myeloid leukemia and in synergizing with therapeutic approaches such as BCL-2 and FLT3 blockade. [119] [120] [121] The upregulation of enzymes involved in glutaminolysis has been associated with M2-polarized macrophages and TAMs. 5 However, the relevance of this metabolic behavior and its impact on the suppressive functions of myeloid cells in tumor settings remain elusive. Taken together, these observations highlight glutamine metabolism as a novel target in cancer therapy.
SUMMARY AND CONCLUSIONS
One of the foremost challenges facing the field is to decipher the mechanisms by which tumor and immune cells share metabolites (Fig. 2) . Unfortunately, there is no win-win situation within the TME. In most scenarios, tumor cells succeed in hijacking essential nutrients and redirecting them away from immune cells, a tactic that exacerbates the existing immunosuppressive environment. Metabolic waste products regulate the immune activity of the tumor infiltrates and alter their metabolic profile. Some metabolites can serve both as substrates that fuel metabolic pathways and as signaling molecules that impact the function, polarization, trafficking, and epigenetic reprogramming of immune cells. Nutrient competition is not the only factor that determines the metabolic fate of the cell. Inflammatory cytokines, redox status, mitochondrial fitness, and systemic metabolism can also influence the cellular immunometabolism. Indeed, much remains to be learned about the mechanisms by which these elements act together or individually to shape the overall metabolic configuration.
Cancer immunotherapies are designed to elicit immune responses against tumors; however, the TME stands as a strong barrier against the development of more effective and durable therapies. Among the different mechanisms by which cancer cells evade the immune effectors is the metabolic editing of tumorassociated cell populations. Thus, in order to develop successful immunotherapeutic strategies, it is important to understand the correlation between the aberrant metabolism and the impaired antitumor function of immune cells. Approaches to alter or block particular metabolic pathways are being tested for their ability to augment antitumor immune responses. Nonetheless, a caveat against these approaches is that they can nonspecifically target all cells in the tumor bed, which may negatively impact antitumor effectors. Considering this possibility, the development of novel technologies for targeting metabolic pathways uniquely utilized by protumorigenic immune cells is pivotal. Importantly, the majority of tumor-infiltrating myeloid cells adopt an oxidative metabolism that promotes their tolerogenic phenotypes. Therefore, switching the metabolic preference of these inhibitory subpopulations can imprint them with an immunogenic signature, possibly through the induction of epigenetic modifications that will upregulate host defense genes rather than suppressive mediators.
In summary, very little is currently known about the differentiation and metabolic landscape of myeloid populations in tumors, particularly in humans. In addition, integrating all of the tumorassociated cellular metabolic pathways into one matrix that can allow us to understand the immunological outcomes remains one of the main challenges in the field. Ultimately, cancer may not only be the unruly proliferation of cells under the influence of oncogenes, but it could also be the perfect interaction between pathological metabolic alterations and mutation loads in cells.
